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Introduction
Chronic lymphocytic leukemia is the most common leukemia of adults but still incurable. Prognosis at diagnosis is widely variable, and the key cytogenetic abnormalities determined by FISH remain one of the best predictors of prognosis and treatment response (1) . However disease course still varies significantly within these cytogenetic groups, and our ability to predict prognosis remains limited. Once treated, CLL inevitably relapses and each subsequent remission gets shorter.
The advent of high resolution array-based technologies lends itself to the detailed characterization of cancers on multiple levels including but not limited to copy number, gene expression, protein expression and modification, and methylation. Copy number analyses have been undertaken extensively in cancer, allowing the recent publication of a paper that surveys the landscape of somatic copy number alterations (CNAs) primarily in solid tumors but including ALL (2) . A small high resolution study in CLL described wide variability in the number of CNAs observed (3) , though a larger study looking at newly diagnosed patients (4) found a generally stable genome in previously untreated patients. Recent efforts have dissected the structure of 13q and 11q deletions in detail (5, 6, 7) and associated the number of CNAs with overall survival (8) . We hypothesized that high-risk CLLs would likely harbor additional recurrent CNAs not part of the canonical CLL FISH panel but which would likely reflect on disease pathogenesis. We therefore undertook a large integrative study of CLL, using both copy number analysis with direct comparison to cognate germline and gene expression profiling, in order to characterize the CLL genome at very high resolution.
and at least one matched germline control (saliva, granulocytes or both) was run for every sample. The quality of all DNAs was verified in three independent PCR reactions prior to use. The data were initially analyzed by the GISTIC method, which identifies significant deletions and amplifications based on analysis of the frequency of occurrence and the amplitude of each aberration in the tumor samples alone, as previously described (2, 9) . The GISTIC analysis used the five nearest neighbor normalization method and removed all catalogued germline copy number variants (CNVs) (10) . Statistical significance was assessed using a permutation test based on the overall pattern of aberrations across the genome and accounted for multiple hypothesis testing using a false discovery rate framework, with q values < = 0.05 considered significant. To confirm that all abnormalities identified by GISTIC were somatic, the paired somatic and germline samples were manually reviewed using the Integrative Genomics Viewer (IGV) from the Broad Institute (http:// www.broadinstitute.org/software/igv/) (11) . In addition we compared all CNAs in each tumor with its cognate germline. For details of this analysis, please see the Supplementary Methods. Results are in Supplementary Table 1 .
Gene Expression Profiling
All 146 CLLs for which adequate quality RNA was obtained were assessed for their mRNA expression profile by hybridization to the Affymetrix U133 Plus 2.0 array. RNA was isolated from viably frozen tumor cells using the Qiagen RNeasy Midi kit. RNA quality was assessed by A260:280 ratios and by RIN analysis on a Bioanalyzer prior to submission for gene expression profiling. All expression profiles were processed using RMA, implemented by the PreprocessDataset module in GenePattern (http://www.broadinstitute.org/cancer/ software/genepattern/) (12, 13) . Probes were collapsed to unique genes by selecting the probe with the maximal average expression for each gene. Batch effects were further removed using the ComBat module in GenePattern (13) .
To examine gene expression in relation to each CNA, differential gene expression was determined between samples with and without the CNA. Genes were selected according to a t-test p-value < = 0.05, using the ComparativeMarkerSelection and ExtractComparativeMarkerResults modules in GenePattern (13, 14) . The significance (nominal p value) of each marker gene was computed using a permutation test based on 1000 replications. Samples were ordered in heat maps based on the correlation of their expression phenotype to that of the samples with the given CNA. Those with a positive correlation are displayed to the right of the gap in the heat maps, and were analyzed in gene set enrichment analysis (GSEA), as detailed in the Supplementary Methods.
Immunoprecipitation of p85 and Shotgun LC/MS/MS
Approximately 10 8 previously frozen PBMCs from individuals with and without the 3q26 amplification were thawed, ficolled and lysed, and a minimum of 0.5 mg cell lysate was subjected to immunoprecipitation with anti-p85 (N-SH2 antibody (Millipore)) followed by mass spectrometry analyses to identify p85 interacting proteins. Further details of this procedure and the quantification technique can be found in the Supplementary Methods.
Results

Characteristics of Patient Cohort
The clinical characteristics of the patients are shown in Supplementary Table 2 . 78% were untreated at the time of sampling, while 22% had been previously treated. An additional 21% of patients were treated in the subsequent follow-up period, for a total of 43.6% treated, with an overall median time from diagnosis to treatment of 41 months (0.4-161.2 months). Unmutated IGHV and ZAP-70 positivity were both highly predictive of reduced TTFT and overall survival (OS), as previously reported, although data were missing for a subset of patients (Supplementary Tables 3 and 4 ).
82% of the 161 CLLs showed at least one CNA by high resolution SNP array (Table 1, Figure 1 ). GISTIC analysis on the entire population identified the known common CLL abnormalities at frequencies that would be expected in a largely untreated cohort: 57% del 13q, 6.2% deletion 11q, 5.6% deletion 17p, and 12% trisomy 12 ( Figure 1A "B and Table 1 ). Deletions 17p and 11q are known to have an adverse prognosis with short TTFT and OS (1) and this finding was confirmed in our study for TTFT, while OS was adversely impacted at this point only for 17p deletion (Supplementary Tables 3 and 4 ).
Number of CNAs Predicts TTFT
GISTIC analysis revealed a paucity of CNAs in comparison to most solid tumors ( Figure  1A , B; Table 1 ), as previously reported (8) , and some of the identified regions were actually rare germline CNVs when compared to cognate germline. Our analysis revealed that one of four significant amplifications and 14 of 29 significant deletions identified by GISTIC were also present in the corresponding germline. Therefore, we assessed total somatic CNAs per sample using not only the GISTIC analysis but also direct tumor-normal comparison and manual review. The median number of acquired somatic CNAs in the overall population was 1, but in treated patients the median was 2 (Supplementary Tables 1 and 5; see Supplementary Methods). Choosing a cut-off at the median or one CNA greater served to dichotomize groups with markedly different TTFTs ( Figure 1D ). In CLLs with deletions of 11q or 17p, a median of 3 CNAs per patient was observed; 41% of patients with 3 CNAs or more, and 70% of patients with 4 CNAs or more, also had 11q or 17p deletions (Supplementary Table 5 ). Even in patients without 11q or 17p deletions, however, increasing number of CNAs remained predictive of short TTFT, suggesting that number of CNAs is an independent adverse predictor ( Figure 1E ), as previously reported (5) .
Progression in 13q Deletion is Associated with Presence of Other CNAs
Ninety-one patients (57%) had 13q deletions, and GISTIC analysis categorized them into three groups based on decreasing size, labeled R1, R2, R3 (Table 1 and Figure 2A ). As shown in Figure 2A , all 91 patients were at least partially deleted in the R3 region, which includes the previously described minimally deleted region extending from DLEU2 and miR-15a/16-1 to DLEU7 (6, 15) . Interestingly we were unable to define a universally present minimally deleted region (MDR) in our dataset, since three patients had partial deletion of DLEU2 but lacked deletion of miR-15a/16-1 ( Supplementary Figure 1 section 2), and one patient completely lacked deletion of the DLEU2 and miR-15a/16-1 region, instead showing only deletion of DLEU7 ( Supplementary Figure 1 section 3) . A second patient showed biallelic deletion of DLEU7 with only monoallelic deletion of the DLEU2 miR-15a/ 16-1 region ( Supplementary Figure 1 section 3 ). These findings are consistent with recent results suggesting that multiple genes in this region contribute to the CLL phenotype (16) (17) (18) (19) .
Longer 13q deletions were seen in 30 patients and were subdivided into two groups by GISTIC, with a subset having deletions extending just past the RB gene (and thereby deleting regions R2 and R3 in Figure 2A and Table 1 ), and the remainder having very long deletions including RB and extending up to 40 Mb (thereby deleting regions R1, R2 and R3 in Figure 2A and Table 1 ). Longer 13q deletions that delete RB have been labeled type II deletions and reported to carry a poor prognosis(5-7), but in our cohort, no significant difference in TTFT was observed between patients with short 13q deletions confined to R3 and those with longer 13q deletions ( Figure 2B ), defined as either those extending to R2 only, or those extending through R1 and R2.
Our analysis further demonstrated that 24% of the del 13q patients carried biallelic 13q deletions. 17 of 61 patients (28%) with short deletions confined to the R3 region had biallelic loss, as compared to 5 of 30 patients (16.7%) with long deletions extending to R1 or R2 (p = 0.3). Of the latter 5 patients, the regions of biallelic deletion were confined to the much smaller R3 region around miR-15a/16-1, while the longer deletion regions were monoallelic. In previous work we and others have reported that biallelic 13q deletions are associated with a longer TTFT (4, 20) . However, in this study TTFT was similar for both groups ( Figure 2C ), although biallelic 13q deletion was significantly associated with mutated IGHV and negative ZAP-70 (100% in all evaluable cases, compared to 70% for monoallelic deletion 13q, p = 0.03 for both).
We evaluated the impact of additional CNAs defined by high-density SNP arrays on the predictive value of 13q deletion. Dohner and colleagues originally established that deletion of 13q as a sole aberration identified by FISH was prognostically favorable (1) . In this dataset we observed only a trend toward shorter TTFT of 13q deletion when associated with other abnormalities identified by FISH (data not shown). However, when we used highdensity SNP array as the standard to define additional somatic CNAs, we found that any other single somatic CNA along with 13q deletion resulted in a TTFT that was comparable to those patients lacking 13q deletion altogether ( Figure 2D ). This finding was true for the entire cohort as well as for those patients untreated at time of sampling ( Figure 2D ). Thus, additional CNAs identified by high density SNP array can most effectively identify patients with 13q deletion who will progress rapidly to treatment. Furthermore, no association of number of CNAs with long vs short 13q deletions was observed (p = 0.24).
Gene expression profiling analysis was used to assess genes located in the 13q deletion region, focusing in particular on DLEU2 and TRIM13 (deleted in R3) and RB (deleted in R2). DLEU2 and TRIM13 at 13q14 showed significant downregulation only in samples with biallelic deletion (Figure 2E and data not shown). Samples with monoallelic deletion at GISTIC regions R1 and R2, resulting in deletion of one copy of the RB gene, did show significant downregulation of RB compared to those samples intact at 13q or deleted only at GISTIC R3, which does not include RB ( Figure 2E ).
CNAs Associated with Disease Progression
In order to identify recurrent CNAs associated with high risk disease, we compared the molecular profiles of patients who remained untreated to the overall cohort ( Figure 1B -C). The genomes of untreated patients were significantly more stable, showing predominantly 13q deletion or trisomy 12 ( Figure 1C ). Patients who had undergone therapy either prior to or after sampling showed three highly significant additional abnormalities: amplification at 3q26.32 and 8q24.21, and deletion at 8p ( Figures 1A-B ). The amplification events include focal amplifications at the known oncogenes PIK3CA and MYC, respectively.
Focal Amplification of 3q26.32 Affects PIK3CA
Nine patients (9/161 or 5.6%) had amplification of 3q26.32. Three of these patients demonstrated focal somatic amplification of a small region (< 350 bp) corresponding to exon 21 of PIK3CA ( Figure 3A ), while the remainder had large gains ( Figure 3A ). PIK3CA encodes the p110 alpha isoform of the PI3 kinase catalytic subunit (PI3K), one of four class 1 isoforms which also include beta, gamma and delta, and PIK3CA is mutated by amplification or activating mutation in many solid tumors (21, 22) . A subset of the amplifications we observed were confirmed by FISH, with a probe to the MECOM gene at 168.8 Mb (near PIK3CA at 180 Mb); FISH showed that three patients had 3 copies, and one patient had 3-6 copies (data not shown). These amplifications were significantly associated with positivity for ZAP-70 (78% vs 30%, p = 0.007) and CD38 (44% vs 15%, p = 0.045), as well as with a higher total number of therapies (p = 0.009). These amplifications also appeared to be associated with a mildly reduced TTFT (p< 0.0001; Figure 3B ); the numbers are too small to assess focal and broad amplification patients separately (Supplementary Figure 2 ). Five of these nine patients are deceased, as compared to 18 of 152 without this amplification, suggesting a possible effect on overall survival, although again the numbers are small.
The significance of the focal PIK3CA amplifications compared to the broad amplifications is unclear. The focal amplifications affect the kinase domain of the protein, which is a hotspot for somatic mutation in solid tumors, but would not be expected to increase RNA or protein expression. In fact when we analyze PIK3CA RNA expression by GEP, we see increased expression in the broad but not the focal amplification patients ( Figure 3C ). Immunoprecipitation of the alpha isoform of PI3K from CLLs with focal and broad 3q26 amplifications also shows increased protein in the broad amplification samples but not in the focal amplification samples ( Figure 3D ). In order to assess the functional significance of increased expression in the samples with broad gains, we determined which catalytic subunits of PI3K were in complex with the p85 regulatory subunit in CLL cells. To accomplish this we performed immunoprecipitation experiments with an antibody to the p85 regulatory subunit and then used mass spectrometry to identify the proteins in complex with p85, in three patients with broad amplifications and six control patients with no copy number gain. We found that in the control CLL patients, the delta subunit of PI3K was the predominant p110 catalytic subunit associated with p85 (48%). In contrast, in the three CLLs carrying broad amplifications of PIK3CA that we were able to assess, delta represented only 33% of associated catalytic subunits (p = 0.04; Figure 3E ), and the alpha subunit was enriched in complex relative to delta (alpha:delta ratio for gain samples 1.24 vs 0.43 for controls, p = 0.02; Figure 3F ). These results suggest that at least the broad 3q26 amplifications result in altered PI3K subunit composition in these CLLs.
Given that mutations in the PI3K pathway (PIK3CA and PTEN in particular) are welldescribed in solid tumors, we sequenced the entire coding regions of PIK3CA, PIK3CD, PIK3CG, PTEN and PIK3R1 and genotyped AKT E17K in 188 CLLs. No somatic mutations were identified, suggesting that point mutation is not a mechanism of activation of these genes in CLL, even though the PI3 kinase pathway has been shown to be constitutively activated (23, 24) .
We evaluated whether the gene expression profiling data showed any pattern associated with 3q26 gain ( Figure 3G ). Supervised analysis identified 2981 genes that were differentially expressed between CLLs with and without 3q26 gain (Supplementary Table 6 ). The CLL samples were then ordered based on the correlation of their gene expression with that of the 3q26 gain samples ( Figure 3G ). In the 3q26 gain samples themselves, as well as those samples with gene expression that positively correlated with the 3q26 gain samples, an exploratory analysis using gene set enrichment analysis (GSEA) identified increased expression of gene sets comprised of genes repressed by Polycomb complexes in embryonic stem (ES) cells ( Supplementary Table 7 ). This finding is discussed further below.
Amplification of 8q24 Affects MYC
Amplification at 8q24 was present in 6 of 161 CLLs (3.7%; Figure 4A ). Amplification of MYC was confirmed by FISH, with two patients harboring three intact copies of MYC, one patient four copies and one patient had one rearranged copy with two intact copies (data not shown). Two patients had focal amplification of the "gene desert" regulatory region approximately 360 kb centromeric to MYC, indicated by the GISTIC plot at the bottom of Figure 4A . This 8q24 "gene desert" region contains multiple single nucleotide polymorphisms (SNPs) that have been implicated by genome wide association studies (GWAS) in susceptibility to multiple solid tumors, as well as CLL (25) (26) (27) . 8q24 amplification was associated with short TTFT which appeared to be independent of cooccurrence with high risk deletions of 11q and 17p, although the numbers in each group are very small (p = 0.0001; Figure 4B ). Western blot demonstrated increased MYC expression in samples with gain compared to several controls without gain ( Figure 4C ).
Since we observed focal gains affecting a region previously implicated as a MYC regulatory region, the likely target of 8q24 amplification appeared to be the MYC locus. Since known mutations in exon 1 of MYC lead to Burkitt's lymphoma (BL), we sequenced exon 1 of MYC in 188 CLL samples. We found one sample with a MYC Thr58Ala mutation, which has been previously described in BL and shown to abrogate a regulatory phosphorylation site, leading to activation of MYC (28) . Interestingly this mutation impairs FBXW7mediated degradation of MYC by the proteasome(29), and we have recently identified recurrent mutations in FBXW7 in CLL (30) , suggesting that MYC may be a target of FBXW7 in CLL. We also identified a second somatic mutation in MYC, a heterozygous insertion mutation that duplicates nine amino acids of the N-terminal interaction and transactivation domain ( Supplementary Figure 3) ; the patient carrying this mutation had a very short TTFT and died 49 months from diagnosis. Although infrequent, these somatic mutations suggest another possible mechanism of MYC involvement in CLL.
Analysis of GEP data comparing patients with 8q24 amplification to patients without identified 5307 genes whose expression was significantly different, and the samples were again ordered based on the correlation of their gene expression pattern with that of the 8q24 amplified samples ( Figure 4D , Supplementary Table 8 ). 8q24 samples and the samples with gene expression similar to 8q24 samples again demonstrated enrichment for gene sets repressed by Polycomb complexes in ES cells, similar to the findings in the 3q26 gain samples. Interestingly, many of the genes differentially regulated in the 3q26 and 8q24 gain samples were shared between them (1290 genes, FDR-corrected p value 3.4 × 10 −116 ) (Supplementary Table 10 ).
Deletion of 8p Predicts Short TTFT
Deletion at the 8p locus was observed in 8 of 161 samples (5.0%). The common region of deletion was broad, spanning 11.0-29.6 Mb ( Figure 5A) . A previous report found that 28% of a small number of 17p-deleted patients also harbored deletion at the 8p locus (31) . In our study, 3 of 8 patients with 8p deletion had a co-existent 17p deletion and a 4 th had a coexistent 11q deletion. Six of the eight patients had not been treated at the time of sampling, indicating that the deletion occurred de novo. Deletion at 8p was associated with short TTFT, with 7 of 8 patients subsequently undergoing therapy, and rapidly (p< 0.0001; Figure  5B ). TTFT was short independent of deletions 17p or 11q, although the numbers are small ( Figure 5B ). Overall survival also appeared poor, with four of eight of these patients deceased, compared to 19 of 153 in the overall cohort, although again the numbers are small.
Co-analysis with GEP available for seven of the eight CLLs with 8p loss identified 807 genes that were differentially regulated, including 63 located on chromosome 8p itself ( Figure 5C , Supplementary Table 11 ). Using GSEA on samples with gene expression correlated with the 8p deletion samples again identified upregulation of genes that are repressed by Polycomb in ES cells, although a significant overlap with the differentially regulated genes in the 3q26 and 8q24 samples was not observed ( Supplementary Table 12 ).
Single Sample GSEA (SSGSEA) Identifies Common Expression Signature Previously Associated with HSCs
Exploratory GSEA analysis of all three CNA groups identified increased expression of gene sets composed of targets of Polycomb-based silencing in ES cells (32) . Previous work in ES cells has identified several core components of their gene expression signature: a Polycomb cluster of genes bound by Polycomb complex factors; a Core cluster of genes bound by the pluripotency factors Oct4, Sox2 and Nanog; and a Myc cluster of genes targeted by Myc (32) . Differential expression of these clusters has been described in hematopoietic stem cells and a variety of cancers (33) . Therefore, in order to further characterize the finding of Polycomb cluster overexpression in our CNA groups, we used SSGSEA to test these gene sets previously reported as ES cell gene sets (32, 34, 35) . SSGSEA showed that the CNA group in each case, which included samples with the CNA itself as well as those samples with a positively correlated gene expression pattern, was enriched for gene modules previously associated with self-renewing long-term hematopoietic stem cells (HSCs), specifically showing induction of ES Polycomb (SUZ12, EED, H3K27ME3) and 'core ES' gene sets (WEINBERG_ES_CORE_NINE and WEINBERG_ES_2), together with repression of ES cell gene sets reflecting proliferation, such as MYC and proliferation gene sets ( Supplementary Tables 13-15 ) (32, 34) . Control samples in contrast showed the opposite pattern of enrichment, with induction of ES MYC and proliferation modules and repression of ES Polycomb modules, a pattern previously associated with short-term HSCs (32, 34) . Interestingly, the same SSGSEA analysis performed on samples with 17p deletion, 11q deletion, high number of CNAs (> 2) and unmutated IGHV failed to identify any consistent pattern between the high and low risk groups ( Supplementary Tables 16-19 ). Therefore, given the similar results among the three CNA groups, we assessed for overlap among the samples with GEP that correlated with each CNA. Here we found substantial overlap among the CLL samples related to each CNA (FDR-corrected p-values: 6.4 × 10 −12 for the overlap between 3q26 and 8p, 3.1 × 10 −21 for the overlap between 3q26 and 8q24, and 3.2 × 10 −7 for the overlap between 8p and 8q24). We therefore investigated whether these samples sharing gene expression patterns correlated with all three CNAs showed any common clinical features or shorter TTFT. We found that the distribution of clinical features in this group was similar to the overall group (Supplementary Figure 4A) . However, the samples sharing the CNA gene expression pattern showed a significantly shorter TTFT compared to control samples, with median 61 months compared to 161 months for the control group (p = 0.03; Supplementary Figure 4B ). These results suggest that patterns of gene expression previously associated with HSC biology may play a heretofore uninvestigated role in CLL. Future work will need to test this hypothesis in other CLL cohorts.
Discussion
We report the results of a large integrated analysis of SNP array screening and gene expression profiling of the CLL genome. Significant advantages of our dataset include the use of an extremely high resolution platform and comparison to matched germline DNA, allowing clear determination of somatic events and filtering of previously undescribed germline CNVs. We find that CLL is quite genomically stable compared with most solid tumors, with a median of only 1 CNA per genome in stably untreated patients, often 13q deletion or trisomy 12. This estimate is lower than earlier studies without matched germline controls (4, 36) , but similar to more recent studies that included matched germline analysis (5) . The genomic stability of indolent CLL is unsurprising given that many cases display a benign course with minimal progression for years.
We also found that an increasing number of somatic CNAs was predictive of short TTFT, as previously reported (8, 36 ) . This finding was true in the entire cohort and in those lacking 17p and 11q deletions, suggesting that increasing CNAs is independently associated with short TTFT. Similarly, additional CNAs were the major predictor of short TTFT in the context of 13q deletion. The size of 13q deletion and whether it was mono-or bi-allelic have both been reported to have prognostic significance, but in this cohort neither feature was predictive. The most important predictor of TTFT was the presence of any additional somatic CNA defined by SNP array. Our data are therefore an extension of Doehner and colleagues' original observation using FISH(1) but our conclusions are based on a much higher resolution platform, and thus may allow more definitive prognostic prediction.
Although the number of CNAs has prognostic significance, it remains likely that specific recurrent CNAs may target genes important in CLL pathogenesis. We were therefore interested in identifying other genomic regions targeted recurrently in CLL and found three that were significantly associated with requiring therapy in our dataset: amplification of 3q26 focused on PIK3CA, amplification of 8q24 focused on the known GWAS cancer risk region near MYC, and 8p loss. All three broad chromosomal regions have been reported previously, but the targets of these broad events in CLL were not previously hypothesized. The very high resolution platform used here allowed us to identify very focal CNAs that suggest likely targets in two of these cases, PIK3CA and MYC. In fact, a recent study by Beroukhim and colleagues that catalogued the CNAs observed in more than 3000 cancers found that amplifications do most commonly involve either the whole chromosome arm or are focal (2) , similar to what we observe in CLL. In the Beroukhim study, both PIK3CA and MYC were targets of recurrent gains in cancer.
To date genomic alterations in PI3K have not been reported in CLL, although both amplifications and activating point mutations occur in solid tumors (21, 22) . Here we report amplifications of the PIK3CA locus in CLL, but we did not observe activating point mutations. A similar pattern of PIK3CA amplification without mutation has been described in mantle cell lymphomas (37) , and amplifications in endometrial cancer show a distinct phenotype compared to somatic mutation, suggesting that amplification and somatic mutation may have distinct consequences (38) . The PI3 kinase pathway is constitutively (23, 24) and inducibly activated by multiple cell surface signals in CLL, including the B cell receptor pathway (39, 40) . Some interest has focused on the question of which PI3 kinase catalytic isoform is most important in CLL, given that the delta isoform is highly expressed and the delta knockout mouse shows impairment in the B cell compartment (39, 41, 42) . Our data suggest that the delta isoform of p110 is most commonly in active complex with the p85 regulatory subunit in CLL, but that at least in several samples with alpha amplification, this balance shifts toward alpha. Our data suggest that PIK3CA amplification may be one of many mechanisms contributing to PI3K activation in CLL. Currently a delta-specific PI3K inhibitor is showing marked clinical activity in CLL(43); whether pan-PI3K or PI3K alpha inhibitors will have similar potency remains to be determined, as does the effect of PIK3CA amplification on the activity of the delta inhibitor. Ultimately, prospective validation of the frequency of PIK3CA amplification in CLL will be required to determine its importance in the disease.
A role for MYC in the initiation or progression of CLL has been much less clear, although transgenic mice expressing MYC together with BAFF have recently been reported to develop a CLL-like disease (44) . This study also found that higher MYC expression in CLL patient samples was associated with shorter TTFT (44) . Genomic analyses of Richter's transformation, namely CLL that has transformed to a higher grade lymphoma, have identified MYC amplification as a common event thought to be acquired at the time of transformation (45) . Here we report MYC amplifications in CLL without transformation, through whole chromosome arm amplification or focal amplification of the 8q24 risk region near MYC. We also identify rare somatic mutations in MYC. These findings suggest multiple mechanisms of MYC activation in CLL, albeit at low frequency. The 8q24 gains identified here while uncommon are associated with short TTFT, and therefore likely a poor prognosis.
We identify two CLLs with focal gains of the 8q24 risk region, in which a SNP (rs2456449) has been associated with germline risk of CLL (25) . Multiple studies have shown that this region can act as an enhancer for MYC (46) (47) (48) . These focal amplifications may therefore represent somatic amplification of a germline risk allele, as described previously in neuroblastoma (49) . If alleles identified by GWAS truly promote the risk of malignancy, additional similar instances will likely be identified over time.
Interestingly, gene expression analyses of our three CNA groups identified an overlapping set of CLLs with a shared expression pattern associated with induction of ES Polycomb gene sets, repression of ES MYC and proliferation gene sets, and induction of small specific modules of ES 'core' factors and targets, all of which have been previously associated with long-term self-renewing HSCs (32) . These findings raise the possibility of a role for histone methylation in CLL pathogenesis and an association with HSC biology, but further work will be required to validate this finding and determine its significance to CLL.
In summary, our comprehensive integrated analysis of CLL has characterized three recurrent CNAs associated with reduced TTFT. Two of these CNAs affect PIK3CA and MYC focally.
These CNAs will require validation in uniformly treated prospective cohorts in order to better define their incidence and prognostic significance. These studies together with emerging sequencing data will hopefully define key molecular subgroups of CLL that will clarify prognosis and inform novel therapeutic avenues in the coming years.
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Translational Relevance
CLL is a heterogeneous disease in which genetic markers are the most effective determinants of prognosis. In our study we have identified and characterized three recurrent genomic abnormalities that are associated with progressive CLL. Our very high resolution platform allowed us to demonstrate that the targets of two of these abnormalities are MYC and PIK3CA, both well known oncogenes in solid tumors but lacking a well described role in CLL. Our work provides the foundation for assessing the potential importance of these genetic abnormalities as prognostic markers in prospective clinical trials. Furthermore, drugs that target PIK3CA are already in clinical trials in CLL, so determining whether the PIK3CA amplifications identified in this work will predict sensitivity to treatment with these drugs will be critically important. A. Overview of CNAs identified in CLL. GISTIC track at bottom shows statistically significant recurrent gains and losses. Gradations of gain (red) to loss (blue) are presented as previously described (9) . B. GISTIC plots of amplifications and deletions identified in all CLL tumor samples, with chromosomal locations labeled on the right. The size of each bar shows the G-score which is the frequency times average amplitude of the aberrations. C. GISTIC plots of amplifications and deletions identified in CLL tumor samples from patients who remained untreated, with chromosomal locations labeled on the right. D. TTFT based on number of CNAs in the entire cohort. Median 161.2 months for CNAs < 2 (n = 107), and 49.5 months for CNAs > = 2 (n = 53) (p< 0.0001). E. TTFT based on number of CNAs in patients without deletions of 11q or 17p. Median 161.2 months for CNAs < 2 (n = 105), and 54.8 months for CNAs > = 2 (n = 38) (p = 0.0007). A. Detailed view of 13q deletion showing GISTIC regions R1, R2 and R3. The red bar on the chromosome indicates the region shown in the expanded figure below. B. TTFT for long vs short 13q deletions, divided by whether patients were treated prior to or after sampling. C. TTFT for biallelic vs monoallelic 13q deletions, divided by whether patients were treated prior to or after sampling. D. TTFT for sole 13q deletion as compared to 13q deletion with any other somatic CNA defined by SNP array, divided by whether patients were treated prior to or after sampling. Previously treated cohort: median not reached for mono-or biallelic 13q deletion (n = 50); 62 months for 13q deletion with other CNAs (n = 27); 84 mos for no 13q deletion (n = 52) (p = 0.0008). Previously untreated cohort: median not reached for mono-or biallelic 13q deletion (n = 52); 40 months for 13q deletion with other CNAs (n = 23); 80 mos for no 13q deletion (n = 49) (p = 0.03). E. Boxplots of DLEU2 and RB1 gene expression, based on 13q deletion status. TTFT for 3q26 patients with or without deletions of 11q or 17p. Neither, median 87 mos (n = 136); 3q26 amplification alone, 62 mos (n = 7); deletions 11q or 17p alone, 27 mos (n = 15); 3q26 amplification with deletions 11q or 17p, 3.5 mos (n = 2) (p = 0.0001). C. PIK3CA expression determined by gene expression profiling. D. Immunoprecipitation of PIK3CA from two CLLs with broad and two with focal 3q26 amplifications, and 5 controls, with quantitation of bands below. E. Percentage of alpha, beta and delta p110 catalytic subunits in complex with p85, in samples with broad 3q26 amplification (n = 3) and controls without amplification (n = 6), as measured by mass spectrometry (p < 0.05). F. Ratio of alpha:delta p110 catalytic subunit, in complex with p85 regulatory subunit (p = 0.02). N = 3 samples with broad amplifications and 6 control samples, one of which had lower spectral counts (50) . G. Heat map showing the CLL cohort ordered by correlation of gene expression with the 3q26 gain samples. Samples with 3q26 gain are labeled in red at right, and samples to the right of the gap show positive correlation with the 3q26 expression pattern. Tick marks at right indicate the locations of genes present on chromosome 3q26 (see Supplementary Table 20 for names). Supplementary Table 20 for names). A. Deletion of 8p, whole chromosome view and focal region. The data show segmented data above raw data for tumor or normal as indicated. B. TTFT for deletion 8p patients with or without deletions 11q or 17p. Neither, median 61 mos; 8p deletion alone, 23 mos; deletions 11q or 17p alone, 19 mos; 8p deletion and deletions 11q or 17p, 11 mos (p < 0.0001). C. Heat map showing the CLL cohort ordered by correlation of gene expression with the 8p deletion samples. Samples with 8p deletion are labeled in blue at right, and samples to the right of the gap show positive correlation with the expression pattern of the 8p deletion samples. Tick marks at right indicate the locations of genes present on chromosome 8p (see Supplementary Table 20 for names). 
